The generation of reactive oxygen species (ROS) has been implicated in the pathogenesis of renal ischemia/reperfusion injury, and many other pathological conditions. DNA strand breaks caused by ROS lead to the activation of poly(ADP-ribose)polymerase-1 (PARP-1), the excessive activation of which can result in cell death. We have utilized a model in which 2,3,5-tris(glutathion-Syl)hydroquinone (TGHQ), a nephrotoxic and nephrocarcinogenic metabolite of hydroquinone, causes ROS-dependent cell death in human renal proximal tubule epithelial cells (HK-2), to further elucidate the role of PARP-1 in ROS-dependent cell death. TGHQ-induced ROS generation, DNA strand breaks, hyperactivation of PARP-1, rapid depletion of nicotinamide adenine dinucleotide (NAD), elevations in intracellular Ca 2+ concentrations, and subsequent nonapoptotic cell death in both a PARP-and Ca 2+ -dependent manner. Thus, inhibition of PARP-1 with PJ34 completely blocked TGHQ-mediated accumulation of poly(ADPribose) polymers and NAD consumption, and delayed HK-2 cell death. In contrast, chelation of intracellular Ca 2+ with BAPTA completely abrogated TGHQ-induced cell death. Ca 2+ chelation also attenuated PARP-1 hyperactivation. Conversely, inhibition of PARP-1 modulated TGHQ-mediated changes in Ca 2+ homeostasis. Interestingly, PARP-1 hyperactivation was not accompanied by the translocation of apoptosis-inducing factor (AIF) from mitochondria to the nucleus, a process usually associated with PARPdependent cell death. Thus, pathways coupling PARP-1 hyperactivation to cell death are likely to be context-dependent, and therapeutic strategies designed to target PARP-1 need to recognize such variability. Our studies provide new insights into PARP-1-mediated nonapoptotic cell death, during which PARP-1 hyperactivation and elevations in intracellular Ca 2+ are reciprocally coupled to amplify ROS-induced nonapoptotic cell death.
Mechanisms of cell death are usually classified into two pathways, apoptosis and necrosis/oncosis. Apoptosis is a genetically controlled process, requiring the coordinated suppression and expression of key genes, and is characterized by an orchestrated series of processes that can be separated into two general phases, the "commitment" phase and the "execution" phase. In addition, apoptosis requires energy, and usually involves the participation of individual, noncontiguous cells. It has generally been considered that oncosis/necrosis is a passive process, with the cell responding to external stress in an uncoordinated, random fashion, dependent upon the nature of the specific stress. However, it is now evident that mechanisms of cell death extend beyond the simple apoptosis/necrosis relationship to include regulated modes of cell death that do not readily fit either of the classic descriptors of cell death. Recognition of these other modes of regulated, nonapoptotic (classic definition) cell death has important implications for human health and disease (Degterev and Yuan, 2008) .
Three modes of nonapoptotic, orchestrated cell death: (1) autophagic cell death, (2) necroptosis, and (3) poly(ADPribose)polymerase-1 (PARP-1)-mediated cell death (Degterev and Yuan, 2008) , each have their own unique biochemical and morphological features. More importantly, each mode of nonapoptotic cell death plays important roles in pathophysiology. Autophagy has been observed in a number of disease models, including mouse models of heart ischemia/reperfusion injury (Matsui et al., 2007) . Administration of the necroptosis inhibitor Nec-1, provides significant tissue protection and functional improvements in a variety of acute tissue injuries in mouse models of heart ischemia/reperfusion injury, by mechanisms that are clearly distinct from the inhibition of apoptosis (Smith et al., 2007) . Excessive poly(ADP-ribosyl)ation in response to DNA damage can also lead to cell death in a number of situations, including stroke, traumatic brain injury, and ischemia/reperfusion injury of various organs (Andrabi et al., 2008) . Thus, PARP-1 inhibitors can provide protection in rat models of ischemia/reperfusion injury (Martin et al., 2000) , inflammatory diseases (Miesel et al., 1995) , neurodegeneration (Cosi and Marien, 1999) , and diabetes (Pieper et al., 1999a) . Moreover, there appears to be a degree of overlap between A VICIOUS CYCLE BETWEEN PARP-1 AND Ca 2+ 119 these different modes of cell death, and particularly between the necroptotic and PARP-1-mediated processes.
The generation of ROS has been implicated in the pathogenesis of renal ischemia/reperfusion injury, and many other pathological conditions. DNA strand breaks caused by ROS lead to the activation of PARP, the excessive activation of which results in the depletion of both NAD and ATP (Pieper et al., 1999b) . Inhibitors of PARP protect against hydrogen peroxide mediated cell death (Cristovao and Rueff, 1996) . Deletion of PARP also protects against ischemic brain injury (Endres et al., 1997) , myocardial ischemia (Zingarelli et al., 1998) , inflammation elicited by a variety of mediators (Oliver et al., 1999; Szabo et al., 1997) , and streptozocin-induced diabetes (Burkart et al., 1999; Pieper et al., 1999a) . By extension, it has been predicted the PARP inhibitors may have therapeutic benefit (Virag and Szabo, 2002) . Consistent with this hypothesis, PARP inhibition or gene deletion attenuates tissue injury associated with stroke, myocardial infarct, and diabetic pancreatic damage (Burkart et al., 1999; Endres et al., 1997; Zingarelli et al., 1998) .
We recently reported that 2,3,5-tris(glutathion-Syl)hydroquinone (TGHQ), a ROS-generating nephrotoxic and nephrocarcinogenic metabolite of hydroquinone (HQ) (Lau et al., 2001) , caused apoptotic cell death in human promyelocytic leukemia (HL-60) cells (Zhang et al., 2012) . Moreover, TGHQ-induced apoptosis of HL-60 cells was accompanied by the activation of PARP-1 and caspases, and by the nuclear translocation of apoptosis-inducing factor (AIF). We now show that TGHQ-induced cell death in human renal proximal tubule epithelial cells (HK-2) is nonapoptotic in nature. Moreover, although the cell death of HK-2 cells is PARP-dependent, it occurs in the absence of AIF translocation from the mitochondria to the nucleus. Thus, the mode of cell death induced by TGHQ and the roles of PARP activation may be different in different cell types. This is of direct relevance to pharmacological targeting of the PAR pathway for modulation of tissue damage, pointing to the importance of raising an awareness of potential tissue-specific effects that may be obtained with PARP inhibitors. Because prior studies have shown that oxidative stress can also disrupt intracellular Ca 2+ ([Ca 2+ ] i ) homeostasis, leading to cell injury or even cell death (Bellomo et al., 1982; Richter and Kass, 1991) 
MATERIALS AND METHODS
Chemicals and reagents. TGHQ was synthesized and purified in our laboratory as previously described (Lau et al., 1988) . TGHQ is nephrotoxic and nephrocarcinogenic in rats and therefore must be handled with protective clothing and in a ventilated hood. 6 -dihydro phenanthridin-2-yl)-N,N-dimethylacetamide], a selective PARP inhibitor, were obtained from Calbiochem (Gibbstown, NJ). Antibodies for phospho-histone H2AX (Ser139), H2AX, PARP, caspase-3, and cleaved caspase-3 were purchased from Cell Signaling Technology (Danvers, MA). The antibody for poly(ADP-ribose) was from Biomol International (Plymouth Meeting, PA). DAPI (4 ,6-diamidino-2-phenylindole, dihydrochloride), H 2 DCFDA-AM (5-(and-6)-carboxy-2 ,7 -dichlorodihydrofluorescein diacetate), and Fura-2-AM [5-oxazole-carboxylic-acid,2-(6-(bis(carboxymethyl)amino) -5-(2-(2-(bis(carboxymethyl)amino)-5-methyl-phenoxy-eth oxy)-2-benzofuranyl)-, pentapotassium salt] were purchased from Invitrogen (Carlsbad, CA). All other chemicals were purchased from Sigma (St Louis, MO).
Cell culture. HK-2 cells, an immortalized proximal tubule epithelial cell line from normal adult human kidney, were obtained from the American Type Culture Collection (Manassas, VA). The cells were cultured in Keratinocyte serum free medium (K-SFM) supplied with 0.05 mg/ml bovine pituitary extract and 5 ng/ml epidermal growth factor at 37
• C in a humidified atmosphere of 5% CO 2 .
Assay of cell viability. To determine the viability of HK-2 cells after treatment with various agents, cells were seeded in 96-well plates at a density of 1 × 10 4 cells/well, and grown to ∼80% confluence. Cells were then washed twice with Dulbecco's Modified Eagle's Medium (DMEM) without phenol red containing 25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and treated with 400M TGHQ with or without inhibitors. Cell viability was assessed with the mitochondrial dehydrogenase activity assay according to the manufacturer's instructions (Promega, Madison, WI) , in which a tetrazolium compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), is reduced into a formazan product. After incubation with TGHQ, cells were washed twice with DMEM/HEPES, and then 20 l MTS solution were added to 100 l DMEM/HEPES and incubated for 2 h at 37
• C. The absorbance of the formazan at 490 nm was measured directly from 96-well plates using a microplate reader.
Measurement of ROS generation. Formation of ROS was measured via the reduction of nonfluorescent H 2 DCFDA-AM to fluorescent 2 ,7 -dichlorofluorescein (DCF) with confocal microscopy. Cells were seeded on Delta T dishes (Bioptech, Butler, PA) at 1 × 10 5 cells/dish and cultured for 24 h. Cells were incubated with 10M H 2 DCFDA-AM for 30 min before exposure to TGHQ, and then washed with DMEM/HEPES and treated with TGHQ (400 and 800M) in the presence or in the absence of PJ34 (10M). Cells were imaged using a Zeiss LSM 510 confocal microscope (Carl Zeiss Microimaging Inc., Thornwood, NY) with a ×40 dipping lens. During the experiment, 120 ZHANG ET AL. culture dishes were maintained at 37
• C by attachment to a Delta TC3 temperature controller (BiopTechs, Butler, PA) . Following exposure of cells to TGHQ, images were captured every 5 min for a total of 25 min. Changes in the fluorescence intensity of H 2 DCFDA-AM were analyzed by software available with the Zeiss confocal microscope.
Histone extraction. HK-2 cells were washed and lysed in ice-cold low-salt buffer (10 mM Tris·HCl [pH 7.4], 10mM NaCl, 2.5mM EDTA) with 0.25mM sucrose, 1% Triton X-100, 5mM sodium pyrophosphate, 10mM sodium glycerophosphate, 50mM NaF, 1mM Na 3 VO 4 , 1mM PMSF and complete protease inhibitor tablet. Histones were extracted with 0.25M HCl overnight at 4
• C and then precipitated in 20% trichloroacetic acid on ice for 1 h. The pellet was washed with 0.25M HCl in acetone and finally with acetone only. Pellets were dried in air and subjected to Western blot analysis.
Western blot analysis. Approximately 1 × 10 6 cells were lysed in buffer containing 20mM Tris·HCl (pH 7.4), 150mM NaCl, 1mM Na 2 EDTA, 1mM EGTA, 1% Triton X-100 as well as 5mM sodium pyrophosphate, 10mM sodium glycerophosphate, 50mM NaF, 1mM Na 3 VO 4 , 1mM PMSF and complete protease inhibitor tablet. Following sonication, cell lysates were centrifuged to remove cell debris. Protein concentrations were determined with detergent-compatible reagent (Bio-Rad Laboratories, Hercules, CA). Samples were incubated with sample buffer (125mM Tris·HCl [pH 6.8], 86mM 2-mercaptoethanol, 4% SDS, 10% glycerol [vol/vol] , and 0.2 mg/ml bromophenol blue) for 5 min in 100
• C, and then resolved in 10% SDSpolyacrylamide gels. After electrophoresis, proteins were transferred to polyvinylidene fluoride (PVDF) Immobilon-P membranes (Millipore, Billerica, MA). Membranes were stained with 0.2% Ponceau S to assure equal loading of samples. After blocking with 5% nonfat milk in Tris-buffered saline with 0.5% Tween 20 (TBS-T), membranes were incubated with primary antibody overnight at 4
• C and then incubated with secondary antibody coupled with horseradish peroxidase for 1 h at room temperature. Immunoblots were developed with enhanced chemoluminescence (ECL) reaction (Amersham, Piscataway, NJ) and exposed to X-ray film.
Immunofluorescent staining. HK-2 cells were plated on cover slides in 6-well plates at a density of 2 × 10 5 cells/well and grown for 48 h (∼80% confluence) before treatment. Cell monolayers were treated, rinsed twice with ice-cold phosphate buffered saline (PBS), and fixed with 4% para-formaldehyde for 15 min at room temperature. Cells were then washed three times with PBS and permeabilized with acetone for 10 min at −20
• C. Subsequently, monolayers were blocked with blocking solution containing 10% goat serum and 1% bovine serum albumin (BSA) in PBS at room temperature for 1 h and washed with PBS three times. Cells were incubated with anti-phospho-H2AX in 1% BSA in PBS at 4
• C overnight, washed three times 4 . NAD concentrations were determined by enzymatic cycling assays as described (Jacobson and Jacobson, 1997) .
Cellular ATP assay. HK-2 cells were seeded in opaquewalled 96-well plates at a density of 5000 cells/well and allowed to grow for 48 h. Cells were treated with test compound. At various time points, ATP content per well was determined using the CellTiter-Glo luminescent assay (Promega) according to the manufacturer's instructions. Luminescence was measured directly from 96-well plates using a microplate reader and differences expressed as means ± SEs (n = 3).
DNA fragmentation analysis. Apoptotic DNA fragmentation in HK-2 cells was determined using the Quick Apoptotic DNA Ladder Detection Kit (Invitrogen). Briefly, following pretreatment with PJ34 (10M) for 30 min, cells were treated with 400M TGHQ. Medium containing TGHQ was replaced by normal culture medium after 4-h TGHQ treatment. After 24-h incubation, cells were trypsinized, harvested by centrifugation and then washed with PBS. DNA fragments were extracted according to the manufacturer's instructions. Finally, DNA fragments were visualized following electrophoresis on a 1% agarose gel.
Live cell imaging of intracellular Ca
2+ . HK-2 cells were plated on collagen coated cover slides in 4-well plates at a density of 2 × 10 4 cells/well and grown for 48 h (∼80% confluence) before measurement. Cells were rinsed once with DMEM without phenol red containing 25mM HEPES, and then loaded with the Ca 2+ -sensitive fluorescent indicator, Fura-2-AM (5M), in DMEM/HEPES for 45 min at room temperature. Cells were rinsed once in DMEM/HEPES and incubated for an additional 20 min to allow for hydrolysis of the AM-ester. Cells were treated with various concentrations of TGHQ in the presence or in the absence of inhibitors. Cells were imaged with an Olympus IX70 microscope after alternating excitation at 340 and 380 nm by a 75 W Xenon lamp linked to a Delta Ram V illuminator (Photon Technologies Inc. (PTI), Monmouth Junction, NJ) and a gel optic line. Images of emitted fluorescence above 505 nm were recorded by an ICCD camera. The imaging system was under software control (ImageMaster, PTI). Images were collected after the indicated treatments and then fluorescence intensity of fold increase in Fura-2 were analyzed. Intracellular Ca 2+ concentrations were calculated by ratiometric analysis of Fura-2 fluorescence.
Statistical analysis. Statistical differences between the treated and control groups were determined by Student's paired t-test. Differences between groups were assessed by one-way ANOVA using the SPSS software package for Windows. p < 0.05 was considered to be statistically significant. 
RESULTS

TGHQ Induces Time-and Concentration-Dependent Increases in ROS Generation, DNA Strand Breaks, and Nonapoptotic
Cell Death TGHQ-induced cytotoxicity in HL-60 cells is dependent upon the formation of ROS (Zhang et al., 2012) . The relative ability of TGHQ to generate ROS in HK-2 cells was therefore investigated using live cell imaging by confocal microscopy with a fluorescent ROS indicator, carboxy-H 2 DCFDA. A significant time-and concentration-dependent increase in fluorescence intensity was observed in HK-2 cells (Figs. 1A and 1B) . At 800M TGHQ, increased generation of ROS was observed as early as 5 min after exposure. However, at 400M of TGHQ, there was a delay in the generation of fluorescence, perhaps reflective of the consumption of various reducing equivalents (GSH, NAD[P], etc.) prior to overwhelming the cellular antioxidant response.
TGHQ also induced a time-and concentration-dependent decrease in HK-2 cell viability (Fig. 1C) determined by measuring mitochondrial dehydrogenase activity. We subsequently investigated whether TGHQ (400M)-induced apoptotic and/or necrotic cell death in HK-2 cells, as determined by flow cytometry (Annexin-V/PI staining) and Western blot analysis (caspase 3 activation). As a positive control for apoptosis, cells were treated with 50M cisplatin for 14 h. Flow cytometric analysis permitted the resolution of apoptotic cells (Annexin-V + /PI − ) from necrotic cells (Annexin-V + /PI + and Annexin-V − /PI + ). In contrast to TGHQ-induced apoptotic cell death of HL-60 cells (Zhang et al., 2012) , TGHQ-treated HK-2 cell cultures exhibited a very low number of Annexin-V + /PI − cells (Figs. 2A and 2B) and no cleaved caspase 3 was detected (Figs. 2C and 2D), indicating that there is no apoptotic HK-2 cell death associated with TGHQ treatment. In contrast, HK-2 cells treated with cisplatin for 14 h exhibited significant levels of apoptosis, as indicated by both caspase 3 cleavage (Figs. 2C and 2D) and Annexin-V + /PI − staining ( Figs. 2A and 2B ). ROS interact with DNA causing oxidative DNA base damage and DNA strand breaks. Histone H2AX S139 is rapidly phosphorylated (␥ -H2AX) in the presence of DNA strand breaks (Mah et al., 2010) . Therefore, TGHQ-treated HK-2 cells were monitored for ␥ -H2AX formation as a surrogate for the pres- The densitometric and statistical analysis from three independent biological experiments. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05 compared with control group. (C) Total NAD and NADH content were determined using enzymatic cycling assays. Data represent the mean ± standard deviation (n ≥ 3). (D) AIF protein is retained in mitochondria in response to TGHQ. Cells were treated with 400M TGHQ for various periods of time (0.5, 1, 2, and 4 h). The cytosolic, mitochondria, and nuclear fractions were recovered and examined with Western blot analysis using AIF antibody. COX IV, MEK, and histone H3 were used as mitochondria, cytosolic, and nuclear markers, respectively. The illustrated blot is typical of at least three independent experiments. (E) The densitometric and statistical analysis from three independent biological experiments. Data represent the mean ± standard deviation (n ≥ 3).
ence of DNA strand breaks. Western blot analysis revealed an increase in ␥ -H2AX within 15 min of TGHQ treatment (Figs. 3A and 3B) , consistent with the generation of ROS (Fig. 1) , reaching maximal levels between 2 and 4 h. Moreover, a significant increase in ␥ -H2AX foci formation was revealed by immunofluorescence staining of cells exposed to TGHQ (400M) for 30 min (Figs. 3C and 3D ). However, TGHQmediated H2AX phosphorylation was completely abrogated by the scavenging of ROS by catalase (Figs. 3A and 3B) . The combined data suggest that TGHQ induces a persistent and gradual increase in ROS-dependent DNA damage.
TGHQ Mediates PARP-1 Hyperactivation and Intracellular
NAD Depletion TGHQ-induced HK-2 cell death is accompanied by the rapid generation of ROS and DNA strand breaks. PARP-1, an enzyme implicated in DNA damage and repair mechanisms, is immediately activated following genotoxic stress, catalyzing the synthesis of PAR. The ability of TGHQ to activate PARP-1 and pro- Cell viability was determined with the MTS based assay. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05. (B) PJ34 inhibits PARP-1 hyperactivation. Cells were exposed to 400M TGHQ for various periods of time (15, 30, and 60 min) with or without PJ34 pretreatment. PAR accumulation was determined with a PAR antibody, SA-216. The blot illustrated is typical of at least three independent experiments. (C) The densitometric and statistical analysis from three independent biological experiments. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05 compared with individual control group. (D) PARP-1 hyperactivation is necessary for NAD loss in response to TGHQ. Cells were exposed to 400M TGHQ for various periods of time (15, 30, and 60 min) with or without PJ34 pretreatment. Total NAD content was determined using enzymatic cycling assays. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05. (E) PARP-1 hyperactivation is necessary for ATP loss in response to TGHQ. Cells were exposed to 400M TGHQ for various periods of time points with or without PJ34 pretreatment. Total ATP content was determined. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05.
mote the rapid accumulation of PAR in HK-2 cells was therefore investigated in HK-2 cells treated with TGHQ. TGHQ-treated cells exhibited a time-and concentration-dependent increase in PAR accumulation (Figs. 4A and 4B) , consistent with the hyperactivation of PARP-1 in response to extreme DNA damage. PAR accumulation was evident at 10 min, and appeared to peak by 30-60 min. In contrast, detection of PARs in HL-60 cells occurs between 1 and 2 h (Zhang et al., 2012) . PAR formation requires the consumption of NAD, and PARP-1 hyperactivation depletes intracellular NAD content in a number of cell lines (Carson et al., 1986; Stubberfield and Cohen, 1988) . Because the redox states of the NAD and NADP pool contribute to the maintenance of an appropriate intracellular redox state (Ying, 2008) , we subsequently examined the effect of TGHQ on NAD and NADP metabolism. Time-and dose-dependent responses of total NAD and NADH content were determined using enzymatic cycling assays following TGHQ treatment. As anticipated, TGHQ-induced a time-and dose-dependent depletion of total cellular NAD content in HK-2 cells (Fig. 4C) .
PARP-1 Hyperactivation does not Facilitate AIF Translocation During Nonapoptotic Cell Death of HK-2 Cells
The mitochondrial-nuclear redistribution of AIF is well defined in PARP-mediated cell death (Moubarak et al., 2007; Yu et al., 2002) . Because TGHQ-induced cell death in HK-2 cells occurred concomitant with PARP hyperactivation and NAD 126 ZHANG ET AL.
FIG. 6.
PARP inhibition by PJ34 has no effect on TGHQ-induced ROS production and DNA damage. (A) PJ34 does not influence TGHQ-mediated ROS generation. Cells were preincubated with H 2 DCFDA-AM (10M) for 30 min, and then treated with 400M TGHQ in the presence or absence of PJ34. Images were collected by confocal microscopy. An area of cells was selected, and changes in fluorescence were recorded every 1 min during treatment up to 20 min. Values represent the average of total cellular DCF fluorescence expressed as arbitrary units (AU). Data represent the mean ± standard deviation (n ≥ 3). (B) PJ34 does not influence TGHQ-mediated DNA damage. Cells were treated with 400M TGHQ for different periods of time (0.25, 0.5, 1, 2, 4, and 24 h) in the presence or absence of PJ34. Histones were acid-extracted and examined with Western blot analysis. DNA strand breaks were determined using phospho-H2AX ser139 antibody (top panel). For the 24 h time point, medium containing TGHQ was replaced by normal culture medium after 4-h TGHQ treatment and the phosphorylation of H2AX was determined 24 h after initial TGHQ treatment. Equal loading was confirmed by immunoblot using histone H2AX antibody (bottom panel). The illustrated blot is typical of at least three independent experiments. (C) The densitometric and statistical analysis from three independent biological experiments. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05 compared with individual control group. depletion (Figs. 4A-C) , we subsequently determined whether TGHQ stimulated AIF translocation. Cells were treated with TGHQ (400M) for various periods of time (0.5, 1, 2, and 4 h). Intracellular fractions, including mitochondria, cytoplasm, and nuclei, were isolated and analyzed to determine the relative distribution of AIF (Figs. 4D and 4E ). Western blot analysis revealed no changes in the subcellular localization of AIF, suggesting that TGHQ-mediated PARP-1 hyperactivation is not accompanied by the translocation of AIF from mitochondria to the nucleus, a process usually associated with PARP-1 hyperactivation.
TGHQ-Mediated HK-2 Cell Death is PARP-Dependent
PARP-1 hyperactivation has been coupled to cell death via the accompanying consumption of energy (ATP) and reducing equivalents (NAD). To determine whether PARP-1 hyperactivation and intracellular NAD loss contribute to TGHQmediated cytotoxicity, HK-2 cells were incubated with PJ34, a PARP inhibitor, prior to exposure to TGHQ. PJ34 pretreatment provided remarkable protection against TGHQ-induced cell death (Fig. 5A) , with ∼90% cell survival under conditions (800M, 2 h) where TGHQ treatment alone caused 85% cell death. Cell survival in HK-2 cells pretreated with PJ34 was accompanied by the complete abrogation of TGHQ-mediated PAR accumulation (Figs. 5B and 5C) and NAD depletion (Fig. 5D) , and the significant attenuation of TGHQ-mediated ATP depletion (Fig. 5E ). In addition, it was found that siRNA knockdown of PARP-1 produced an ∼80% decrease in PARP-1 protein levels with a concomitant increase in cell viability of 21%. Incomplete protection against TGHQ toxicity by this approach is likely due to the residual PARP-1 activity, as evidenced by the presence of PAR proteins under these conditions (Supplemental data, Supplementary fig. 1 ). Intriguingly, PJ34-stimulated cell survival occurred despite the continued generation of ROS (Fig. 6A) . Consistent with the lack of effect of PJ34 on ROS generation, PJ34 also had no effect on DNA damage as assessed by ␥ -H2AX formation (Figs. 6B and 6C) . Indeed, PJ34-stimulated cell survival appeared to occur in the face of increased amounts of ␥ -H2AX formation 4 h after TGHQ treatment, perhaps reflecting decreases in the ability of PARP-1 to assist in the repair of DNA strand breaks and the consequent persistence of ␥ -H2AX-tagged foci.
Inhibition of PARP Delays but does not Prevent TGHQ-Mediated Cell Death
In the ischemia/reperfusion model, administration of PARP inhibitors blocks NAD depletion, preserves cellular ATP, prevents necrosis, and commits cells to apoptosis (Fiorillo et al., 2003) . We therefore next investigated whether PJ34 was capable of sustaining HK-2 cell survival beyond 4-6 h and whether or not PARP inhibition in TGHQ-treated HK-2 cells results in a similar switch in the mode of cell death, as seen during ischemia/reperfusion. Although ∼45% of HK-2 cells remained viable after 24 h following treatment with 200M TGHQ, only ∼15% remained viable by 48 h (Fig. 7A) . The higher dose resulted in almost 100% cell death by 24 h. Thus, inhibition of PARP with PJ34 only delays cell survival in response to TGHQ, even though PJ34 sustains cellular NAD concentrations for at TGHQ (200 and 400M) in the presence or in the absence of PJ34. After 4 h treatment, medium containing TGHQ was replaced by normal culture medium. Cell viability was determined 24 or 48 h posttreatment with TGHQ. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05. (B) PARP-1 inhibition prevents long-term TGHQ-mediated depletions in NAD concentrations. Cells were treated with 400M TGHQ in the presence or absence of PJ34. After 4 h exposure, medium containing TGHQ was replaced by normal culture medium. NAD content was determined at different time points as indicated (1, 2, 3, 4, 5, 6, 12, 18 , and 24 h). Data represent the mean ± standard deviation (n ≥ 3). (C) PARP-1 inhibition does not alter the mode of TGHQ-induced cell death. Cells were treated with 50M cisplatin for 14 h, or exposed to 400M TGHQ in the presence of PJ34 for 4 h. Medium containing TGHQ was subsequently replaced by normal culture medium. Cells were collected 24 or 48 h posttreatment with TGHQ. Cellular DNA content was measured as described in the Materials and Methods section. (D) Western blot analysis was performed using cleaved caspase 3 antibody. The illustrated blot is typical of at least three independent experiments. (E) The densitometric and statistical analysis from three independent biological experiments. Data represent the mean ± standard deviation (n ≥ 3) compared with control group. least 24 h (Fig. 7B) . The next question was whether the delay in cell death, caused by PARP inhibition, was also accompanied by a change in the mode of cell death. Apoptotic cell death was measured via a DNA fragmentation assay and again cisplatin (50M) was used as a positive control. An increase in DNA fragmentation, reflected by the generation of oligonucleosomal ladders (Fig. 7C) , confirmed the ability of cisplatin to induce apoptosis in HK-2 cells. However, cells exposed to TGHQ following PJ34 pretreatment showed no fragmented DNA compared with cisplatin treated cultures. In addition, no cleavage of caspase 3 was detected in TGHQ treated cells preincubated with PJ34, whereas cells treated with cisplatin contained significant amounts of cleaved caspase 3 (Figs. 7D and 7E ). These data reveal that at least in HK-2 cells, prevention of PARP-mediated NAD depletion following ROS-induced DNA damage does not trigger a transition of cell death mode to apoptotic cell death.
TGHQ Induces [Ca 2+ ] i Elevation
We examined changes in [Ca 2+ ] i in response to TGHQ with a cell permeable intracellular Ca 2+ indicator, Fura-2-AM. Cells were loaded with 5M Fura-2-AM for 45 min to allow for the dye to permeate cells. Cells were then incubated for an additional 20 min, in the presence or in the absence of 5M BAPTA-AM. Following TGHQ addition, images were collected every 15 s for 1 h. Fold increases in fluorescence intensity were determined relative to basal [Ca 2+ ] i levels. After exposure to TGHQ, HK-2 cells exhibited a time-and concentration-dependent increase in [Ca 2+ ] i (Fig. 8) . HK-2 cells exhibited an increase in Fura-2 fluorescence from 30 to 40 min, after which time [Ca 2+ ] i continues to rise, with a 2-to 5-fold increase at 400M TGHQ and 5-to 10-fold increases at 800M TGHQ.
TGHQ-Induced Cell Death is Ca 2+ -Dependent
Disruptions in [Ca 2+ ] i homeostasis have been coupled to cell death. To determine whether increases in [Ca 2+ ] i levels contribute to TGHQ-mediated cytotoxicity, HK-2 cells were incubated with a cell permeable Ca 2+ chelator BAPTA-AM, prior to exposure to TGHQ. BAPTA loading provided significant protection against TGHQ-induced cell death (Fig. 9A) , with ∼100% cell survival under conditions (800M, 2 h) where TGHQ treatment alone caused 85% cell death. Long-term cell survival was also examined. BAPTA-pretreated cells exhibited 90% viability at 24 h and 85% viability at 48 h, compared with 95% cell death in cells treated with TGHQ alone (Fig. 9B) . However, unlike the PJ34-mediated transient cytoprotection, BAPTA-mediated protective effects are retained for at least 48 h. To examine whether Ca 2+ is a required initiating factor in TGHQ-mediated cell death, HK-2 cells were exposed to various concentrations of TGHQ, and BAPTA was loaded 30 min before or at various times thereafter, up to 2 h (Fig. 9C) . A timedependent decrease in cell viability was observed with delayed addition of BAPTA, indicating that [Ca 2+ ] i elevations are a critical initiating event in ROS-induced HK-2 cell death. To ensure that the cytoprotective effects of BAPTA were not related to an ability of BAPTA to scavenge ROS, live cell imaging using confocal fluorescence microscopy was used, and revealed that the increase in TGHQ-catalyzed ROS generation in HK-2 cells was unaffected by BAPTA-pretreatment (Fig. 10) . HK-2 cells cotreated with BAPTA and TGHQ still exhibited increases in ␥ -H2AX (Fig. 11) , although there was a delay in the time required to observe these increases in BAPTA treated cells. This likely reflects the ability of BAPTA to preserve cellular NAD levels (see below) and to sustain PARP-mediated DNA repair. These results indicate that increases in [Ca 2+ ] i are coupled to a rapid decline in the ability to repair DNA damage.
Ca
2+ Chelation Attenuates PAR Accumulation and NAD Depletion TGHQ-induced cell death of HK-2 cells is PARP-dependent. The finding that Ca 2+ chelation also protected against TGHQinduced cell death suggests that PARP-1 activation and changes in [Ca 2+ ] i are coupled. We therefore determined the influence of Ca 2+ chelation on PARP-1 activation and intracellular NAD 2, 3 , and 4 h). Cell viability was determined by measuring mitochondrial dehydrogenase enzyme activity in actively respiring cells. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05. (B) Ca 2+ chelation almost completely prevents TGHQ-mediated cell death. Cells were treated with different concentrations of TGHQ (200 and 400M) in the presence or in the absence of BAPTA-AM (5M). After 4 h of exposure, medium containing TGHQ was replaced with normal culture medium. Cell viability was determined 24 or 48 h posttreatment with TGHQ. Data represent the mean ± standard deviation (n ≥ 3). *p < 0.05. (C) Ca 2+ release is an initiating event in TGHQ-mediated cell death. Cells were treated with various concentration (200, 400, and 800M) of TGHQ alone or together with 5M BAPTA-AM which was pretreated (30 min), cotreated, or added to TGHQ-treated cells at various times afterward, as indicated (0.5, 1, and 2 h). Cell viability was determined with the MTS based assay 2 h posttreatment with TGHQ. Data represent the mean ± standard deviation (n ≥ 3). levels. Increases in PAR levels in TGHQ-treated cells could be detected between 15 and 120 min, with maximal levels at ∼45 min (Figs. 12A and 12B ). PAR accumulation in HK-2 cells was accompanied by a parallel and rapid decline in NAD concentrations. Thus, within 1 h of exposure of HK-2 cells to TGHQ, NAD concentrations had declined to just 20% of control cells, and by 2 h were essentially zero (Fig. 12C) . BAPTA loaded HK-2 cells exhibited much less PAR accumulation than cells 130 ZHANG ET AL.
FIG. 10.
BAPTA-mediated cytoprotection does not modulate TGHQmediated ROS generation. Cells were preincubated with 10M H 2 DCFDA for 30 min, and then treated with 400M TGHQ in the presence or absence of BAPTA-AM (5M). Images were collected via confocal microscopy. An area of cells was selected and changes in fluorescence were recorded every 1 min during treatment up to 20 min. Values represent the average total cellular DCF fluorescence expressed as arbitrary units (AU). Data represent the mean ± standard deviation (n ≥ 3).
FIG. 11.
Effect of BAPTA on TGHQ-induced ␥ -H2AX formation. (A) Cells were treated with 400M TGHQ for different periods of time (0.25, 0.5, 1, 2, and 4 h) in the presence or in the absence of BAPTA-AM (5M). Histones were acid-extracted and examined with Western blot analysis. DNA strand breaks were determined using phospho-H2AX ser139 antibody (top panel). For the 24 h treatment sample, medium containing TGHQ was replaced by normal culture medium after 4 h TGHQ treatment and the phosphorylation of H2AX was determined 24 h after initial TGHQ treatment. Equal loading was confirmed by immunoblot using histone H2AX antibody (bottom panel). The illustrated blot is typical of at least three independent experiments. (B) The densitometric and statistical analysis from three independent biological experiments. Data represent the mean ± standard deviation (n ≥ 3) compared with individual control group. treated with TGHQ alone, (Figs. 12A and 12B) . The attenuation of PAR formation by BAPTA was accompanied by an initial (60 min) preservation of cellular NAD concentrations, which subsequently reached a nadir between 3 and 5 h, prior to returning to control levels by 12 h (Fig. 12C) . The transient decline in NAD content in BAPTA-loaded HK-2 cells is apparently PARP-dependent, because inhibition of PARP with PJ34 abrogates the delayed consumption of NAD in a time-dependent manner. In BAPTA-loaded cells, intracellular NAD loss was completely prevented when PJ34 was added during the initial preservation period, as seen at 0, 0.5, and 1 h (Fig. 12C , right panel, gray bars). Subsequently, a time-dependent loss of cytoprotection was observed with the delayed addition of PJ34. These data suggest that the BAPTA-modulated NAD loss is also PARP-dependent.
TGHQ-Induced Poly(ADP-ribosylation) Alters [Ca 2+ ] i
Next, we further examined the possible connection between PARP-1 hyperactivation and [Ca 2+ ] i in response to TGHQ. After exposure to 400M TGHQ, cells exhibited a 2-to 5-fold increase in Fura-2 fluorescence from 30 to 40 min (Fig. 13) . Interestingly, the rise in [Ca 2+ ] i was inhibited in the presence of PJ34. These data suggest a role for poly (ADP-ribosylation) 
DISCUSSION
TGHQ, a ROS-generating nephrotoxic and nephrocarcinogenic metabolite of hydroquinone (HQ), targets the kidney due to the high concentration of ␥ -glutamyl transpeptidase on the brush border of proximal tubular epithelial cells. Processing by ␥ -GT and aminopeptidase(s) is required for the uptake of the corresponding cysteine conjugates into cells. In vivo, the abundance of these enzymes ensures they are not rate limiting. In contrast, the activity of these enzymes in cell culture is significantly lower than in vivo, and this limits uptake of these redox active conjugates into cells. Consequently, the amount of TGHQ required to induce cytotoxicity in vitro is higher than that required to cause toxicity in vivo. We have shown that TGHQ, a redox active metabolite of HQ, caused a timeand concentration-dependent decrease in HK-2 cell viability (Fig. 1C) in a ROS-dependent manner, in the absence of hallmarks of apoptosis (Fig. 2) . Cell death was associated with DNA damage (Fig. 3) and was PARP-1-dependent (Figs. 4 and 5) . PARP-1 is an abundant nuclear protein functioning as a DNA nick-sensor enzyme. Upon binding to DNA breaks, activated PARP cleaves NAD + into nicotinamide and ADP-ribose and polymerizes the latter onto nuclear acceptor proteins including histones, transcription factors, and PARP itself (Virag and Szabo, 2002) . When the DNA damage is mild, this physiological machinery repairs the injury. However, when DNA-damage is extensive, cells cannot repair the injury. In this case, disproportionate activation of PARP-1 depletes the cellular pools of NAD + (Figs. 4 and 5) and ATP (Fig. 5) , driving cell death. In the majority of cases where PARP-1 hyperactivation contributes to cell death, the generation of PAR triggers the nuclear translocation of AIF, resulting in DNA condensation and The densitometric and statistical analysis from three independent biological experiments. Data represent the mean ± standard deviation (n ≥ 3) compared with individual control group. (C) Ca 2+ chelation delays TGHQ-mediated NAD loss, which is also PARP-dependent. Left panel: cells were treated with 400M TGHQ in the presence or in the absence of BAPTA-AM. After 4 h exposure, medium containing TGHQ was replaced by normal culture medium. NAD content was determined at different time points as indicated (1, 2, 3, 4, 5, 6, 12, 18 , and 24 h). Right panel: BAPTA-AM pretreated (5M, 30 min) cells were exposed to 400M TGHQ. PJ34 was added to TGHQ-treated cells at various times afterward as indicated (0, 0.5, 1, 2, 3, and 4 h). NAD content was measured 4 h after initial TGHQ treatment. Grey bars represent initial preservation period. *p < 0.05. fragmentation, in an apparently caspase-independent fashion (Kang et al., 2004; Yu et al., 2006) . Although HK-2 cell death is PARP-dependent and caspase-independent (Figs. 2 and 5), PARP-1 hyperactivation was not accompanied by the translocation of AIF from the mitochondria to the nucleus. Hence, the pathways coupling PARP hyperactivation to cell death are clearly context-dependent. Excessive PARylation cycles or specific PAR-dependent pathways may signal cell death in a complex, cell type-, and stimulus-dependent manner (Burkle and Virag, 2013 ) and therapeutic strategies designed to target PARP-1 need to recognize such variability.
Although the inhibition of PARP-1 protected HK-2 cells from TGHQ-induced cell death, the cytoprotection occurred in the presence of an increase in ␥ -H2AX (Fig. 6) , a marker of DNA strand breaks. Thus, when PARP is inhibited, the ability to either recognize the DNA damage, and/or to recruit DNA repair proteins to the sites of damage, might be impaired. Consistent with this view, PAR formation is totally abrogated in PARP-inhibited HK-2 cells (Figs. 5B and 5C) with a concomitant preservation of NAD + concentrations (Fig. 5D ). How do HK-2 cells respond to an increase in DNA strand breaks when the DNA repair machinery is compromised? In the ischemia/reperfusion model, administration of PARP inhibitors blocks NAD + depletion, preserves cellular ATP, prevents necrosis and commits cells to a caspase-dependent apoptotic pathway (Fiorillo et al., 2006) . However, energy collapse is not the de facto cause of cell death 132 ZHANG ET AL.
FIG. 13.
TGHQ-induced intracellular elevations in Ca 2+ concentrations are PJ34 sensitive. (A) Analysis of intracellular Ca 2+ concentration was performed using the cell permeable Ca 2+ sensitive indicator Fura-2-AM. Cells were loaded with Fura-2-AM (5M) for 45 min, and incubated for an additional 20 min to allow for hydrolysis of the AM-ester. Cells were then exposed to 400M TGHQ in the presence or in the absence of PJ34 (10M). Images were collected every 15 s for 1 h, as indicated. These results are displayed in graphic form to illustrate fold changes in Fura-2 fluorescence in cells after TGHQ treatment. Each line represents the change in Fura-2 fluorescent intensity of individual cells overtime; each graph represents one of at least three independent experiments. (B) The statistical analysis from three independent biological experiments. Data represent the mean ± standard error (n ≥ 3) compared with control group. during PARP-1 hyperactivation (Fossati et al., 2007) . In our studies, although NAD concentrations were preserved and ATP collapse was significantly attenuated in PARP-inhibited HK-2 cells, a transition to apoptotic cell death did not occur (Figs. 5E and 7C). Even though HK-2 cells clearly possess the machinery to engage apoptosis (Fig. 7C) , inhibition of PARP in HK-2 cells only seems to delay the cell death.
Disruption of cellular Ca 2+ homeostasis can frequently contribute to cell death. TGHQ-induced HK-2 cell death also occurs in a Ca 2+ -dependent manner (Fig. 9) . When increases in [Ca 2+ ] i are directly blocked via BAPTA-AM pretreatment, cell death was prevented. In a model of oxidative stress-induced cytotoxicity, Virag et al. (1999) have demonstrated that a calcium signal was required for the activation of PARP-1. Our results also reveal that PARP-1 hyperactivation and NAD depletion are coupled to increases in [Ca 2+ ] i (Fig. 13 ). This is also in line with previous findings of others demonstrating the same phenomenon with a different PARP inhibitor and also with PARP-1 KO cells (Virag et al. 1998) . Moreover, ROSinduced, PARP-1-mediated cell death requires Ca 2+ as a cofactor. Ca 2+ chelation with BAPTA not only attenuated PAR accumulation (Figs. 12A and 12B ) but also altered the pattern of NAD depletion (Fig. 12C) . In vitro studies on poly(ADPribosylation) suggest that Ca 2+ is required for the activation of PARP-1 auto(ADP-ribosyl)ation (Kun et al., 2004) . In addition, Ca 2+ can hyperactivate PARP-1 in the absence of DNA strand breaks (Homburg et al., 2000) . We speculate that ROSinduced elevations in [Ca 2+ ] i might directly regulate PARP-1 activity. Thus, BAPTA protects cells against TGHQ-mediated cytotoxicity by reducing intracellular free Ca 2+ and preventing hyperactivation of PARP-1. More importantly, BAPTA did not completely inhibit PARP-1 activation (Fig. 12A) , which would be important for the ability of the residual PARP-1 activity to sufficiently repair ROS-mediated DNA strand breaks. Furthermore, increases in Ca 2+ levels can apparently inhibit poly(ADPribose) glycohydrolase activity by up to 50% (Tanuma et al., 1986) . Decreases in poly(ADP-ribose) glycohydrolase activity will disrupt the normal turnover of PAR, resulting in PARP-1 self-inhibition. Therefore, BAPTA-mediated cytoprotection may be a consequence of the maintenance of PARG function, releasing PARP-1 self-inhibition, and sustaining levels of DNA repair necessary for cell survival.
Interestingly, in the model of TGHQ-induced HK-2 cell toxicity, inhibition of PARP-1 by PJ34 prevented the increase in [Ca 2+ ] i (Fig. 13) , thus PARP-1 also acted upstream of elevation of [Ca 2+ ] i , indicating that not only calcium signaling activates PARP-1 but that PARP-1 reciprocates by also regulating calcium redistribution following intense oxidative stress. Similarly, in a model of hydrogen peroxide-induced cytotoxicity, Blenn et al. (2011) identified TRPM2 as a critical player by which PARP-1 and PARG regulate the flow of calcium from the extracellular compartment into the cytoplasm. PARG generates ADP-ribose that serves as the signal for TRPM2 activation and downstream events in oxidant-induced cell death (Blenn et al., 2011) . The complex manner in which intracellular Ca 2+ homeostasis is maintained, particularly by the multiple channels, uniporters, exchangers, and ATP-dependent pumps that modulate the import, export, and intracellular redistribution of Ca 2+ (Graier et al., 2007) ] i likely amplify TGHQ-induced PARP-1 activation, leading to PARP-1 hyperactivation, creating a feed-forward loop whereby the possible generation of free ADP-ribose promotes extracellular Ca 2+ influx. PARP-1-dependent cell death has been implicated in broad and diverse disease conditions, including Parkinson's disease, heart attack, diabetes, and ischemia reperfusion injury. Our studies should therefore provide a better understanding of the mechanisms of PARP-1-dependent cell death, and assist in identifying novel targets for therapeutic intervention for those broad and diverse conditions of PARP-1 related diseases.
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